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Abstract—In this paper, the k.p perturbation theory is adopted to 
calculate the interband excitonic transition energies and their 
polarization selection rules in c-plane AlN films, GaxAl1-xN and 
InxAl1-xN alloys modulated by both isotropic biaxial in-plane 
strain and varying alloy compositions. It is shown that valence 
band mixing induced by both strain and alloy composition has a 
dramatic influence on the optical polarization properties. The 
calculated results provide both good physical insight into the 
band structure engineering and helpful instructions in the future 
design of high efficiency and novel UV-emitters. 
Keywords-AlN; GaAlN; InAlN; strain modulation; band 
engineering 
I.  INTRODUCTION  
Ultraviolet (UV) light emitting diodes (LEDs) have 
applications in curing, detection of hazardous biological 
agents using fluorescence techniques and portable water 
purification systems [1]. UV LEDs have the advantages of 
compactness, long lifetimes, nontoxicity and shorter warm up 
times when compared to traditional mercury UV lamps [1]. In 
UV emitters, such as UV LEDs and UV laser diodes (LDs), 
with emitting wavelength shorter than 400nm (corresponding 
to Eg > 3.1eV), AlGaN or AlInN films commonly serve as the 
key active layers. Though tremendous progress has been made 
since the first demonstration of 353nm AlGaN MQW UV-
LED [1], it has been found recently that the emission 
efficiency in c-plane AlGaN alloys and thus the UV emitters 
dramatically decreases with increasing Al molar fractions [2]. 
Further study has indicated that the unique valence band 
structure (VBS) of wurtzite (WZ)-AlN, compared with that of 
WZ-GaN or WZ-InN, plays a vital role in the reduced 
emission efficiency [3]. In AlN (GaN), the three topmost 
valence subbands have Γ7, Γ9, Γ7 (Γ9, Γ7, Γ7) symmetry in the 
order of decreasing energy, respectively. As a consequence, in 
GaN or InN, the first excitonic transition, which dominates the 
photoluminescence spectra, is essentially polarized with E⊥c 
(GaN-like), while the polarization in AlN has E//c (AlN-like). 
This leads to an enhancement of the out-of-plane polarization 
(E//c) in c-plane AlGaN or AlInN when Al concentration 
increases, and thus the surface emission efficiency (SEE) 
decreases because light with polarization perpendicular to the 
film plane will propagate inside the film and can only be 
extracted from the side face [4]. Thus, a natural question 
arises: how to modulate the VBS of WZ-AlN and its ternary 
alloys with GaN and InN, from AlN-like to GaN-like in order 
to obtain a strong in-plane polarization? 
In this report, from the band engineering point of view, we 
present a systematical investigation on the effect of both 
isotropic biaxial in-plane strain and alloy compositions on the 
VBS using the well-known k.p perturbation theory [6]. The 
interband transition polarization properties of c-plane AlN 
films, GaxAl1-xN and InxAl1-xN alloy films, pseudomorphically 
grown on GaN substrate, are treated within the k.p method. 
Our study is focused on enhancing the SEE in the UV region 
by modifying the VBS near the Brillouin-zone center (BZC) 
and thus the polarization selection rules of transitions through 
strain- and compositional modulation. 
II. CALCULATION DETAILS 
To quantitatively describe the valence band (VB) near the 
BZC which originates almost exclusively from the atomic 2p 
states [5], we adopt the 6 × 6 strained Bir-Pikus Hamiltonian 
[6], in which the strain components satisfy xxε = yyε = -
(c33/2c13) zzε . Here the coordinates are chosen as x//[11-20], 
y//[1-100] and z//[0001] (i.e. c-axis). Note that the strain in the 
AlN films can be introduced by heteroepitaxy growth on a 
foreign substrate, while the strain in the alloy films GaxAl1-xN 
and InxAl1-xN, pseudomorphically grown on GaN substrate, 
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are essentially determined by the amount gallium or indium 
incorporated. By diagonalizing the 6 × 6 VB Hamiltonian, 
the three distinct subband dispersion relations ( , )vE k ε  ( v =1, 
2, 3) are obtained and each subband is a Kramers degenerate 
pair [7]. The strain-dependence of the conduction band (CB) 
near the minimum, which originates from the atomic s-state 
[5], can be simply expressed as 
( )
2 222
( , )
2
x yc z
z zz t xx yye e
z t
k kkE
m m
α ε α ε ε
 +
= + + + +  
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where ezm  and zα  (
e
tm and tα ) are the CB electron effective 
mass and deformation potential constant along (perpendicular 
to) the z direction, respectively. Then the band-edge (k = 0) 
excitonic transition energies between the CB and the three 
valence subbands are given by ( ) ( ) ( )ex c v vv bindE E E E= − −ε ε ε , 
where vbindE  is the exciton binding energy corresponding to the 
vth valence subband. This binding energy is taken as a constant 
value [8]. The relative oscillator strengths (ROS) fi (i = x, y, z) 
of each optical transition dipole, which determine the interband 
transition polarization selection rules, can be approximated 
from the square of the modulus of band-edge (k = 0) optical 
momentum matrix elements, 2( ) c vvM e p= Ψ ⋅ Ψε    ( v =1, 2, 
3), where cΨ  and vΨ  are the eigenfunctions of the CB and 
vth valence subband, respectively. Under the quasicubic 
approximation [6], the normalized ROS components are 
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v
ig } (i = 1, 
2, 6) are the expansion coefficients of the vth valence subband’s 
eigenfunction. The parameters for the alloys, except the energy 
band gap where a bowing parameter is considered, are obtained 
through linear interpolation between that of GaN or InN and 
AlN, are listed in TABLE I. These parameters are taken from 
[4] and reference therein unless specially cited. 
III. RESULTS AND DISCUSSIONS 
TABLE I.  MATERIAL PARAMETERS USED IN THE CALCULATION 
 AlN GaN InN 
a / c (Å) 3.122 / 4.982a 3.198 / 5.185 3.538 / 5.706 
Eg (eV) 6.077 b 3.504c 0.78d 
v
bindE  (meV) 48 b 26 3 
1∆  (meV) -225b 9.2 19 
2 3( )∆ = ∆  (meV) 12b 6.3 1.7 
( )z tα α=  (eV) -20.5 -44.5 -7.2 
D1 (eV) -17.1 -41.4 -3.7 
D2 (eV) -8.7 -33.3 4.5 
D5 (eV) -3.4 -3.6 -4.0 
 AlN GaN InN 
c11 (GPa) 396 390 223 
c12 (GPa) 137 145 115 
c13 (GPa) 108 106 92 
c33 (GPa) 373 398 224 
a. Reference [10] 
b. Reference [11] 
c. Reference [12] 
d. Reference [13] 
Under strain conditions, we label the three excitonic 
transitions T1, T2 and T3 in the order of increasing energy [12], 
respectively. Fig. 1(a) shows the variation of the three 
excitonic transition energies and the corresponding energy 
differences of c-plane AlN as a function of the out-of-plane 
strain (OPS) zzε , which can be directly determined by x-ray 
diffraction (XRD) measurement. As can be seen, strain has 
remarkable influence on the transition energies, e.g. T1 
increases dramatically (~ 0.7eV) when zzε  changes from 
compressive to tensile in the range -0.50% ~ 2.0%. On the 
contrary, the large energy difference of T1 and T2, which 
denotes the relative separation between the two topmost 
valence subbands, first decreases, then becomes zero at zzε  = 
0.98% ( xxε = yyε = -1.70%) indicated by the downwardly 
pointing arrow, and finally tend to be a small constant value 
(~22meV). The anticrossing behavior between the two 
topmost valence subbands at zzε = 0.98% indicates an 
exchange of their band characters, which can be seen more 
clearly by examining the strain dependence of their ROS 
components as shown in Fig. 1(b)-(d). The fact that the fx plot 
 
Figure 1. Calculated (a) three excitonic transition energies and their 
energy difference, and (b)-(d) the corresponding ROS components (fx, fy 
and fz) of c-plane AlN, as a function of the out-of-plane strain for -0.50%  
≤ εzz ≤  2.0%. 
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is the same as fy plot (cf. Fig. 1(b) and Fig. 1(c)) is a 
manifestation of the in-plane isotropy of c-plane WZ-AlN, 
which reserves the hexagonal symmetry even under isotropic 
biaxial in-plane strain (IPS). Note that the sum rules are 
demonstrated in the figure. When OPS (IPS) is in the range of 
zzε < 0.98% ( xxε = yyε > -1.70%),the T1 transition is 
predominantly z-polarized while T2 and T3 are in-plane 
polarized. This will result very low SEE because the T1 
transition dominates the spontaneous radiation due to the large 
spacing between the two topmost valence subbands (see Fig. 
1(a)). When strain state approaches the degenerate point 
( zzε = 0.98%, xxε = yyε = -1.70%), all three plots show an 
abrupt change of the T1 and T2 transitions, which is an 
evidence of the exchange of their band characters as 
mentioned above. After that, i.e. when zzε > 0.98% 
( xxε = yyε < -1.70%), both T1 and T2 transitions become 
equally in-plane polarized (fx = fy ≈ 0.5) while T3 is 
predominantly z-polarized. This means the SEE of c-AlN 
films will be dramatically enhanced in this strain range.  
Fig. 2(a) shows that the IPS ( xxε = yyε ) experienced by c-
plane GaxAl1-xN alloys pseudomorphically grown on GaN 
substrate is tensile (positive values) while the OPS ( zzε ) is 
compressive (negative values). When the gallium composition 
x increases, the lattice mismatch between the epilayer and 
substrate decreases, thus the strain diminishes. Fig. 2(b) 
depicts the variation of the three excitonic transition energies 
and their energy differences in GaxAl1-xN alloys. Due to the 
pseudomorphic growth condition, the composition and strain 
together cause a dramatic reduction of the transition energies, 
e.g. T1 decreases from ~5.5eV to ~3.5eV when x increases 
from 0 (i.e. AlN) to 1 (i.e. GaN). At the same time, the energy 
difference T2 - T1 also diminishes while T3 - T2 keeps a small 
constant value. The degenerate point at which T2 - T1 = 0, 
where the two topmost valence subbands exchange their band 
characters, does not occur until x ≈ 0.98 (see the inset of Fig. 
2(b)). This means that the VBS of GaxAl1-xN alloys remains 
AlN-like unless a large amount of gallium is incorporated (as 
large as 98%), which makes the enhancing of the SEE more 
difficult as discussed below. Fig. 2(c)-(e) show the 
composition dependence of the ROS components fx, fy and fz of 
the three excitonic transitions, respectively. As expected, 
almost in the whole composition range (0 < x < 0.98) T1 
transition is dominated with z polarization (fz ≈ 1) while T2 
and T3 are isotropic in-plane polarized (fx = fy ≈ 0.5). Only in 
the range 0.98 < x < 1 does the T1 transition become 
predominantly in-plane polarized. Therefore, isotropic in-
plane strained GaxAl1-xN alloys, pseudomorphically grown on 
GaN substrate, have a rather poor SEE and only leave a very 
narrow “incorporation window” (0.98 < x < 1) for enhancing 
the SEE in the UV region. 
The calculated physical properties of InxAl1-xN alloys, 
pseudomorphically grown on a GaN substrate, with varying 
indium concentrations are shown in Fig. 3. Note that the 
indium composition is limited to 0 < x < 0.35, for which the 
emitted wavelength falls in the UV range, i.e. shorter than 
400nm. Fig. 3(a) shows that the IPS of InxAl1-xN alloys 
changes from tensile to compressive, while the OPS varies 
from compressive to tensile, in our calculated In composition 
range. At x ≈ 0.18, the misfit strain vanishes i.e. 
xxε = yyε = zzε = 0 (as identified by the dashed line), indicating 
a perfect lattice match between the alloy and the GaN 
substrate. As can be seen from Fig. 3(b), the overall trend for 
the three excitonic transition energies and their energy 
differences in InxAl1-xN alloys is comparable to that for 
GaxAl1-xN alloys (cf. Fig. 3(a)). However, the indium 
 
Figure 2. Calculated (a) strain components, (b) the three excitonic 
transition energies and energy difference, and (c)-(e) the corresponding 
ROS components (fx, fy and fz) of c-plane GaxAl1-xN pseudomorphically 
grown on GaN substrate, as a function of the gallium molar fraction x. 
 
Fig. 3 Calculated (a) strain components, (b) the three excitonic transition 
energies and energy difference, and (c)-(e) the corresponding relative 
oscillator strength components (fx, fy and fz) of c-plane InxAl1-xN 
pseudomorphically grown on GaN substrate, as a function of the indium 
concentration. 
 
Figure 3. Calculated (a) strain components, (b) the three excitonic 
transition energies and energy difference, and (c)-(e) the corresponding 
ROS components (fx, fy and fz) of c-plane InxAl1-xN pseudomorphically 
grown on GaN substrate, as a function of the indium molar fraction x. 
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incorporation amount needed to cause the degenerating of the 
two topmost valence subbands is much smaller in InxAl1-xN 
alloys, i.e. x ≈ 0.27 (see the inset of Fig. 3(b)). This implies 
that a relatively small amount of indium incorporated can lead 
to an effective modification of the VBS of the InxAl1-xN alloys 
for improved SEE. Fig. 3(c)-(e) show the variation of the ROS 
components fx, fy and fz of the three excitonic transitions, 
respectively, as a function of the indium composition. When x 
< 0.27, the VBS of InxAl1-xN alloys remains AlN-like, i.e. the 
T1 transition is nearly pure z-polarized (fz  ≈ 1) while T2 and T3 
are isotropic in-plane polarized (fx  =  fy  ≈ 0.5), which implies 
a very low SEE. At the degenerate point (x ≈ 0.27), there is an 
abrupt change of the polarization properties of the T1 and T2 
transitions. Beyond the degenerate point, the T1 transition 
becomes predominantly in-plane polarized, with an 
accompanying dramatic enhancement of the SEE. Thus, the 
InxAl1-xN alloys pseudomorphically grown on GaN substrate 
have a wider “incorporation window” (0.27 < x < 0.35) for 
enhancing the SEE in the UV region and are preferable for 
efficient UV light emitters. 
IV. SUMMARY 
In conclusion, the VBS and the corresponding interband 
transition energies and polarization selection rules of c-plane 
AlN and GaxAl1-xN/InxAl1-xN alloy films, pseudomorphically 
grown on GaN substrate, are systematically investigated using 
the k.p method. The AlN film bandstructure and optical 
polarization are modified by isotropic biaxial in-plane strain. 
The GaxAl1-xN/InxAl1-xN alloy film bandstructure and optical 
polarization are affected by the misfit strain due to the alloy 
composition. It is found that a VBS transition from AlN-like 
to GaN-like, leading to an enhancement of the SEE, can be 
realized through proper strain and composition modulation. 
The two topmost valence subbands of AlN exchange their 
band characters at the degenerate point where zzε = 0.98% 
and xxε = yyε = -1.70%. After that, the SEE of c-plane AlN 
film is dramatically enhanced with zzε > 0.98% ( xxε  = yyε  < 
-1.70%), where the T1 transition is equally in-plane polarized 
along x and y. The SEE of c-plane GaxAl1-xN alloys, 
pseudomorphically grown on GaN substrate, in almost the 
whole gallium composition range (0 < x < 0.98), is very poor, 
leaving only a very narrow “incorporation window” (0.98 < x 
< 1) for efficient surface light emission. In contrast, the 
“incorporation window” for realizing high SEE, in c-plane 
InxAl1-xN alloys, is relatively wide (0.27 < x < 0.35), which 
will favor the use of InAlN films as active layers for efficient 
UV light emitters. 
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